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Summary

Aspergillus oryzae isopimeverose-producing enzyme ( lpeA) releases isoprimeverose
{u-D-xylopyranosyl-{ 1—=6)-D-glucopyranose ) from the non-reducing end of xylogluean oligosaccharides.
IpeA is classified as a member of the glycoside hydmlase family 3 (GH3). We solved the crystal structure
of IpeA with isoprimeverose at 2.4 A resolution, showing that the structure of IpeA formed a dimer and
was composed of three domains: an N-terminal (f/a)s TIM-barrel domain, a/pla sandwich fold domain,
and a C-terminal fibronectin-like domain. The catalytic TIM-barrel domain possessed a catalytic
nucleophile (Asp300) and acid/base (Glu524) residues. Interestingly, we found that the cavity of the
active site of lpeA was larger than that of other GH3 enzymes, and subsite —1" played an important role in
its activity. The glucopyranosyl and xylopyranosyl residues of isopimeverose were located at subsites —1

and —1', respectively. Our findings provide new msighis into the subsirate recognition of GH3 enzymes.

Keywords
Xyloglucan, glycoside hydrolase, isoprimeverose, Aspergillus oryvzae, glycoside hydrolase family 3,

hemicellulose, oligosacchande
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Introduction

Xyloglucan, one of the most widely distnbuted polysaccharides m the primary cell wall and seeds of

plants, plays an important role in plant growth and development (Carpita et al., 1993). Xyloglucan

consists of a f-1,4-glucan backbone and o-linked xylopyranosyl residues attached to the Cé position of

the glucopyranosyl residues of the f-1.4-glucan backbone. Some branched xylopyranosyl residues are

modified with p-1,2-linked galactopyranosyl residues. Additionally, xyloglucan is modified with other

saccharides, including arabinose and fucose (Zabotina, 2012). The structures of xyloglucan and

xyloglucan oligosaccharides are indicated with abbreviations, such as G, unbranched glucopyranosyl

residue; X, a-D-xylopyranosyl+ 1—=6)-f-D-glucopyranosyl segment; and L,

B-D-galactopyranosyk{ 1—2)-a-D-xylopyranosyl+ 1—6)-f-D-glucopyranosyl segment (Fry et al., 1993;

Tuomivaara et al., 2015). Xyloglucan is degraded by many combinations of glycoside hydrolases, such as

xyloglucan-specific endo-glucanases (xyloglucanase, EC 32.1.151) (Edwards et al., 1986; Grshutin et al.,

2004; Matsuzawa et al, 2014; Yaoi and Mitswshi, 2004; Yaoi et al., 2005), oligoxyloglucan-reducing

end-specific cellobiohydrolases (EC 3.2.1.150) (Bauer et al., 2005; Yaoi et al., 2002), a-xylosidases (EC

3.2.1.177) (Lamsbrink et al., 2014; Matsuzawa et al., 2016b; Moracci et al., 2000; Okuyama et al., 2004),

p-galactosidases (EC 3.2.1.23) (Edward et al., 1988; York et al., 1993), and isoprimeverose-producing

enzymes (EC 3.2.1.120) (Kato et al., 1985; Matsuzawa et al., 2016c; Yaoi et al., 2007; Yaoi and Miyazaki,

2012). To date, only two isoprimeverose-producing enzymes have been isolated and charactenzed

Bacterial and fungal isoprimeverose-producing enzymes were isolated from Oerskovia sp. (Yaoi et al ,

2007; Yaoi and Mivazaki, 2012) and Aspergillus oryzae (Kato et al., 1985; Matsuzawa et al., 2016c). A.

oryzae isoprimeverose-producing enzyme (IpeA) strictlly recognizes and releases isoprimeverose units

from the non-reducing end of xyloglucan oligosaccharides. For example, lpeA hydrolyzes XG
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(tnsaccharide, XyhGlez) to X (isoprimeverose, XyhiGler) and D-glicose, and XXXG (heptasacchande,

XylsGles) to X and XXG (XykGles) (Matsuzawa et al, 2016¢). IpeA prefers XXXG 1o XG and XX

{ Xyl=Glez), suggesting that IpeA has more than three subsites (—1, +1, and +2). Galactosylation at the

u-1,6-linked xylopyranosyl side chains of the non-reducing ends of xyloglucan oligosaccharides

completely abolishes IpeA activity. lpeA not only exhibits hydrolytic activity toward xyloglucan

oligosacchandes but also transglycosylation activity, and can produce many kinds of oligosacchandes

(Matsuzawa et al., 2016¢).

Glyeoside hydrolases are divided into glycoside hydrolase families (GH) based on their amino acid

sequences (carbohydrate-active enzymes; CAZy database, hitp://www.cazy.org/) (Lombard et al., 2013).

lsoprimeverse-producing enzymes belong o GH3. Examples of GH3 enzymes include p-glucosidases

(EC 3.2.1.21), B-xylosidases (EC 32.1.37), p-glucosylceramidase (EC 3.2.1.45),

isoprimeverose-producing enzymes (EC 3.2.1.120), and so on. Previously, GH3 enzymes were thought to

recognize and release monosacchardes from the non-reducing end. However, isoprimeverose-producing

enzymes recognize and release disaccharide units, isoprimeverose

{o-D-xylopyranosyl-(1—6)-D-glucopyranose ), from the non-reducing end of xyloglucan oligosacchandes

{Matsuzawa et al., 2016¢; Yaoi et al., 2007), indicating that the substrate recognition machinery of

isoprimeverose-producing enzymes differs from that of other GH3 enzymes.

Although isoprimeverose-producing enzymes have unique substrate specificity and transglycosylation

activity, the structure of isoprimeverose-producing enzymes remains unclear. In this study, we solved the

erystal structure of 4. oryzae isopoimeverose-producing enzyme (IpeA). lpeA had an isoprimeverose

recognition pocket (subsites —1 and —1") and recognized f-glucan main chain and branched xylose at both
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the negative and positive subsites. Our findings cleardy demonstrate the mechanism by which

isoprimeverose-producing enzymes recognize xyloglucan oligosacchandes.

Results and Discussion

Overall structure of IpeA

The structure of IpeA was solved using the molecular replacement method with the structure of
B-glucosidase IMB19063 (PDB 3U4A) as the search model . The structures of the apo form and
isoprimeverose complex were determined at 1,98 and 2.4 A resolution, respectively {Table 1). Both
structures could be built from Lys26 to Gln779. In the erystal structure of IpeA, the asymmetric unit
contained two polypeptides (chains A and B) correlating with a non-crystallographic two-fold axis (Fig.
1A). This dimer assembly was consistent with the data obtained from gel-filtration chromatography (data
not shown), suggesting that the crystal structure of IpeA comesponds to the biologically relevant form of
the protein. Two chains A and B i the dimer had almost the same structures with with root-mean square
differences (rmsd) of 1.4 A for equivalent Ca atoms. The monomeric structure of IpeA was composed of
three distinet domains (Fig. 1B). The N-terminal domain was a (f/a) bamrel, the TIM-barrel domain
{residues 48-371), which contains the catalytic machinery and 15 a common structure among glycoside
hydrolases. The second domain was an o/pf/a sandwich fold domain with central B-sheets and a-helices
{residues 411-660). The C-terminal domain was a fibronectin-like domain with antiparallel f-sheets
{residues 698-767). A domain search for the enzyme was performed using Pfam, the protein families
database (hitps://plam.xfam org/) (Eberhardt et al., 2016; Fimm et al., 2014). These three domains of
chains A and B in lpeA formed extensive interactions with all of the domains of the other chain. Because

the fraction of buried atoms and their interactions (salt brdges, ion networks, and hydrogen bonds)
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represent feamres that may be imporant for thermostability, we explored the dimer interface of lpeA
using PISA software (http://www.ebiacuk/pdbe/pisa) (Knssinel and Hennck, 2007). Our analysis
showed that a large surface area of 29048.8 A? was buried, and 42 hydrogen bonds and two salt bridges
were formed upon dimerization of IpeA. Both the apo and isoprimeverose complex structures of lpeA
were glycosylated by two species of sacchande chains, M-acetyl-p-D-glucosamine and chitin disacchande
at asparagine residues (data not shown). Addinonally, significant electron density comesponding to a
metal was observed at the C-terminal domain of Ipe A. The metal was coordinated by the Asp706 side
chains, the main chain carbonyl of Val708, and four water molecules in Ipe A. These distances were 2.2 1o
2.5 A from the metal (data not shown). Because the crystallization condition of IpeA involved the
reservoir solution, which includes caleium chloride (50 mM), we modeled a caleium ion for the metal in
the comresponding site. Previously, Kato et al. (1985) reported that the additon of caleium chloride did
not enhance the activity of lpe A. Therefore, the caleium ion does not appear to play an imporiant role in

the enzymatic activity of lpeA.

Structural comparison with other GH3 enzymes
A struetural similarity search using the Dali server (hitp:/fekhidna? biocenter. helsinki.fi/dali/) (Liisa and
Laura, 2016) toward whole protein IpeA revealed that the dimer structure of IpeA resembled other GH3
p-glucosidases: f-1,2-glucooligosacchande-specific B-glucosidase Linl 840r (£ score 45.1; PDB 4zoe)
{MNakajima et al., 2016), metagenomic B-glucosidase IMB19063 (£ score 44.0; PDB 3u48), and barley
B-D-glucan exohydrolase isoenzyme Exol (£ score 43.3; PDB lex1) (Varghese et al., 1999).

Despiie low sequence similanties (22-28%), the three domams of monomer IpeA were readily

superimposed on GH3 f-glucosidases with Z scores 4345 and msd of 1.8 to 2.0 A for equivalent Ca
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atoms, except for 80 residues of the C-terminal region of IpeA (Fig. 2). These resulis indicate that IpeA

belongs to a GH3 family at the level of individual domain folds and domain orientation.

Machinery of isoprimeverose recognition

The 2.4-A resolution structure of the product (isoprimevernse) complex revealed unambiguous electron
density, as a disacchande of 1soprimeverose was observed in the deep pocket within the TIM-barrel
domain of each monomer (Fig. 3A). To provide insight into the substrate recognition of IpeA, we
compared the monomer struciure of Ipe A with the metagenomic GH3 f-glucosidase IMB19063
complexed with D-glucose (PDB 3U48). Interestingly, comparison of the overall structures of Ipe A and
IMB19063 revealed differences in the clefi size of their active sites (Fig. 3A, B), although they had a high
degree of structural similanties. The active site of IMB19063 could only occupy a D-glucose molecule. In
conirast, the active site of IpeA exhibited a large enough clefi size to adopt a long-chain oligosaccharide
such as XXXG. Additionally, our complex structure of IpeA-isoprimeverose exhibited not only general
subsite —1 but also unique branching subsite —1°. In subsite —1, both the glucopyrmanose moiety of
isoprimeverose in IpeA and the D-glucose n IMB19063 sat in almost the same position that adopted a
chair conformation with its C1 hydroxyl group (O1) in the B-anomer configuration. These D-glucose
molecules formed direct hydrogen bonds with six amino acid residues of IpeA and IMB19063. These six
residues of IpeA, Lys220 (interacting with O3 and O4), His221 (03), Glul25 (O4), Argl87 (02), Asp300
(C1, 02), and Glus24 (01), comesponded to Lys1581 (03], His182 {03), Asp84 (04, O6), Arzl42 (02),
Asgp26]1 (C1, 02), and Glud85 (O1) of IMB 19063, respectively, and made almost identical
protein-carbohydrate interactions with no apparent large differences in the mter-atomic distances (Fig. 3C,

). Lys220 and His221 of IpeA formed hydrogen bonds with O3 of the glucosyl residue at 2.8 and 2.9 A,
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respectively, via its side-cham amide. Accordingly, the structurally equivalent residues of IMB19063
were Lys181 and His182, which fulfilled the same function of hydrogen bonds to O3 at 2.8 and 2.9 A,
respectively (Fig. 3E, F). Glu125 of IpeA also formed a hydrogen bond with 04 (2.5 A), but at the
position replaced by Asp84 in IMB19063, which formed two hydrogen bonds with O4 (2.8 A) and O6
(2.8 A). Additionally, Arg187 of IpeA formed a substitution hydrogen bond with O2 (2.9 A), which
overlapped well with Argl42 (2.7 A) of IMB 19063 (Fig. 3E, F). The above interactions, which were
important for subsite —1 recognition of the substrate of IpeA, are conserved across GH3 f-glucosidases
{data not shown).

Glu524 of IpeA formed a hydrogen bond with O1 (2.5 A) and was oriented toward the glycosidic
oxygen, whereas Asp300 formed a hydrogen bond with O2 (2.5 A) and was suitably positioned to serve
as a catalytic acid'base (Fig. 3E). Consistent with the predicted roles of these residues, mutations in
Glus24 or Asp300 of IpeA (Glus24Ala or Asp300Ala, respectively) virmally inactivated the enzyme
{data not shown). In addition, barley Exol, a GH3 member, implicated an aspartate residue ( Asp285)
within the sequence Gly-Phe-Val-lle-Ser-Asp-Trp in a (f/aj TIM-barrel domain as being appropriately
positioned o act as a nucleophile during catalysis (Varghese et al., 1999). Additonally, the C-terminal
domain contained glutamate residues (Glud91) projecting into the active site of the (pla)s TIM-barrel
domain, which was proposed to act as the catalytic acid/base. Therefore, the steric positions of Asp33 and
Glus24 in lpeA were consistent with the common structural features of known retaining enzymes. These
resulis strongly suggest that lpeA hydrolyzes its substrate in a double displacement retaining mechanism
using the acid/base Glu524 and the nucleophile Asp300, in a similar fashion to the GH3 enzymes

charactenzed thus far.
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In subsite —1', although IpeA possesses the site necessary for binding a branching xylose chain,
IMB19063 does not, due io the presence of stercally hindering residues of Phe54 (Fig. 4). This
phenomenon is well conserved in other GH3 enzymes, Exol and Linl1840r, which contain Leu residues at
the same position (Fig. 4). Subsite —1' seemed to play a key role in comrectly adjusting the position of XX
{or XXXG) to hydrolyze the backbone of glucose chains. The xylose moiety of isoprimeverose made two
hydrogen bonds with Gln58, and a hydrophobic stacking with Tyr89 in IpeA (Fig. 3C). The three direct
subsirate-binding residues were Gin38 (02, 03), and Tyr89 (the planar face of xylose). The side-chain
N2 and 081 of GIn58 formed two hydrogen bonds to 02 (3.0 A) and 03 (2.7 A) of xylose via ils
side-chain amide and oxygen, respectively (Fig. 3E). The aromatic side-chain of Tyr89 formed

hydrophobic stacking with the planar face of xylose.

Mutations in subsite —1'

From the IpeA isopnmeverose complex structure, we speculated that the GinS8 and Tyr89 residues
contributed to the recognition of a xylopyranosyl residue of isoprimeverose at the non-reducing end of
xyloglucan oligosaccharides. The Tyr89 residue was replaced with an Ala, T, or Phe residue. The
Tyr89Ala mutant completely abolished the hydrolysis activity toward XG, but some activity was detected
in the cases of XX and XXXG (Table 2). The Tyr89Tm and Tyr89Phe mutants showed hydrolytic
activity toward the xyloglucan oligosacchandes XG, XX, and XXXG, indicating that an aromatic residue
al subsite —1' was essential for the subsirate recognition and hydrolytic activity of IpeA. Mutation of the
GlnS8 residue located at subsite —1" completely abolished the hydrolytic activity toward XG, but activity

toward XX and XXXG remained (Table 2).



190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

The K values of the Tyr89Trp and Tyr89Phe mutanis were nearly equal to that of the wild-type

enzyme; however, the Kn values of the Gln58Ala and Tyr89%Ala mutants were higher than that of the

wild-type enzyme (Table 3). In addition, the ke values of the Gln58Ala and Tyr89Ala mutanis were

dramatically decreased. These resulis indicate that the recognition of the xylopyranosyl residue at subsite

—1" using GIn58 and an aromatic residue was crucial for IpeA activity.

As descnbed above, both the Tyr89 and Gln58 residues were essential for hydrolytic activity toward

X0, but not toward XX and XXXG (please note that these residues were not essential, but vital for the

hydrolysis of XX and XXXG), suggesting that the recognition of other xylopyrmanoside side chains of

xylooligosaccharides in positive subsites partially complemented the mutations in the Tyr89 and GInS8

residues.

Recognition of xyloglucan oligosaccharides at positive subsites

Previously, we reporied that lpeA preferred XX over X0, and XXXG over XX, This result indicated that

IpeA recognizes branched xylopyranose residues at subsite +1" of XX and the B-14-glucan backbone at

subsite(s) +2 and/or +3 (Matsuzawa et al., 2016¢). As described above, we deduced the positive subsites

{+1,+2, and +3) from a model of the IpeA-XXXG complex based on our IpeA-isoprimeverose structure

(Fiz. 5A). From the model, it was predicted that at least five residues of lpeA (Glu67, Tyr92, Tyr268,

Arg306 and Trp515) directly contact subsites +1, +1°, +2, +2', and +3 of XXXG, respectively. Notably,

Tyr92 and Tyr268 of IpeA are more likely to form hydrophobic stacking with the planar face of xylose at

subsites +1'and +2', as is the case with Tyr89 of subsite —1'. Additionally, Trp515 of IpeA was also

closely located at the glucose backbone at subsites +1 and +2 to contact aromatic stacking (Fig 5B). As

10
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for Arg306 and Glu67 of IpeA, these residues are thought to contnibute to stabilizing the binding of

branching xylose chains of subsites +1' and +2', respectively, via their side-chains.

Conclusions

Through crystal structure analysis and site directed mutagenesis of lpeA, we clarified the machinery of

substrate recognition and hydrolytic activity of isoprimeverose-producing enzyme. Although lpe A

belongs to the GH3 family based on its amino acid sequence, IpeA had a larger clefi size to adopt long-

and branched-chain oligosaccharides, and many unique amino acid residues that contributed to subsirate

recognition in both the negative and positive subsites. Subsite —1 of IpeA resembled those of other GH3

p-glucosidases, but subsite —1" was unique and essential o isopimeverose-producing enzymes. The

transglycosylation reaction of retaming glycoside hydrolases requires proper binding of an acceptor

saccharide afier the formation of a covalent enzyme-glycosyl intermediate, and positive subsites provide a

structural platform for an acceptor molecule in the transglycosylation reaction (Matsuzawa et al., 2016a).

Because IpeA had a large clefi and many amino acid residues were involved in substrate binding in its

positive subsites, we speculate that these structures and amino acid residues are closely related to not only

its hydmolytic activity toward xyloglucan oligosaccharides but also its transglycosylation actvity. Our

findings will contribute to a better understanding of GH3 enzymes, and to protein engineering of

isoprimeverose-producing enzymes for the production of novel oligosaccharides.

Accession code

The atomic coordinates and struciural factors have been deposited in the Protein Data Bank under

accession codes SYOT (apo) and 5YQS (isoprimeverose complex).
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Figure legends

Figure 1. Overall structure of Aspergillus oryzae isoprimeverose-producing enzyme (IpeA). (A)
Homodimeric structures (chains A and B) of IpeA in two views, shown as rbbon diagrams. Arrow and
ellipse show 2-fold axis of dimer. (B) A monomere structure (residues 26—779) of Ipe A is composed of
three distinet domains shown in a ribbon diagram. The domains are indicated by different colors: green

{TIM-barrel, 48-371), purple (a/pla sandwich, 411-660), and yellow ( ibronectin-like domain, 698-767).

Figure 2. Structural comparisons of IpeA and other glycoside hydrolase family 3 (GH3)
B-glucosidases. A Dali search for structural similarities to the monomer structure of IpeA identified three
GH3 p-glucosidases: f-1,2-glucooligosaccharide-specific GH3 B-glucosidase Linl 840r from Listeria
innocua (Z =45.1, msd = 2.0 A, PDB 4Z0E), a GH3 B-glucosidase JIMB 19063 isolated from compost (Z
= 44.0, rmsd = 1.8 A, PDB 3U48), and a barley p-D-glucan exohydrolase isoenzyme Exol from young
seedlings (Z =43.3, rmsd = 1.9 A, PDB 1EX1). The structures are colored as follows: IpeA (pink),

Lin1540r (coral) IMB19603 (ice blue), and Exol (cyan).
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Figure 3. Active site comparisons of IpeA and p-glucosidase JMB19603. Superposition of the IpeA

monomer (pink) with isoprimeverose (green cylinder model) (A) and IMB19603 (ice blue) with

D-glucose (green cylinder model) (B) are shown as molecular surface models. (C, D) Insets show

magnifications of both active sites. The amino acids of IpeA (pink stick with black and red labels) and

IMB19603 (ice blue stick with black labels) are in complex with isoprimeverose and D-glucose (green

sticks), respectively. The hydrogen bonds between the lpe A side chains (pmk stick) and isoprimeverose

{green stick with hydroxyl or carboxyl group numbers), and IMB19603 (ice blue stick) and D-glucose

{green stick with hydroxyl or carboxyl group numbers) are represented as dashed lines. Oxygern, nitrogen,

and sulfur atoms are shown in red, blue, and yellow, respectively. Both Fo-Fe electron density maps are

contoured at 2 o in blue around isoprimeverose and D-glucose. These figures are drawn in the same

orientation as Figures 3A and B. (E, F) Schematic diagrams showing the interaction of lpeA with

isoprimeverose (E) and IMB19603 with D-glucose (F). Dashed lines represent hydrogen bonds, with the

interatomic distance in angsiroms.

Figure 4. Superimposed models of the active site of IpeA and other GH3 B-glucosidases. The stick

models of the active sites are colored as follows: IpeA (pink) with isoprimeverose (green stick), Linl 840r

(tan), IMB19603 (ice blue), and Exol {cyan). The labels are indicated in plain black (IpeA) and italic text

{other GH3 B-glucosidases).

Figure 5. Putative positive subsites of IpeA with a xyloglucan oligosaccharide model (XXXG,

XylaGleq). (A) lpeA is shown as the surface model (white). (B) The putative residues around the positive

subsite are depicted in red (Glu67), magenta (Tyr92 and Tyr268), blue (Arg306), and purple (Trp515).
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384  The model of XXXG is shown as a cylinder model with carbon (green) and oxygen (red) atoms. The
385  figure is magnified in the same orientation as Figure SA.

386
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387  Table 1. Data collection and refinement statistics of the Ipe A crystal structure

Apo lsoprimeverose-complex
Data Collection
Space group P2, F2,
Cell dimensions
70.14, 130.45, 94 83 69.78, 12991, 95.16

a, b, c(A)

a By () 90, 94.46, 90 90, 94.44, 90
Wavelength 0.9000 0.9000
Resolution (A) S0.00-1.98 (2.03-1.98)"  50.00-2.40 (2.44-2. 400"
R (%a) 9.7 (65.1) 8.5(237)

Hial 25.5(3.8) 2007(54)
Completeness (%a) 93.9(93.2) 90.6(81.4)
Redundancy 3937 30022
Refinement

Resolution (A) 30.0-1.98 30.0-2.40
No. reflections 109,249 59,761
Roon® | Rge® 0.168/0214 0.152/0207
Mo, atoms

Protein 11,702 11,670

Ligands 386 434

Solvent 514 552
B factors

Protein  (A?) 27.6 26.0

Ligands (A% 51.9 51.5

Solvent (AY) 208 21.6
ramn.s. deviations from ideals

Bond lengths (A) 0.01 0.01

Bond angles (") 1.7 1.6

388  “Outer shells (apo; 2.03-1.98 A, isoprimeverose-complex; 2.44-2.40 A).

389 * Rmewe= ZwX | lifhkl) —<I(hki)> | SwZli(hkl), where li(hkl) is the intensity of the ith measurement of
390  reflection hkl, including symmetry-related reflections, and <IfhkiJ> is their average. ® Ryark = 5.5 ||Fo| —
391  |E|/ Z|F- © Rpee is Ruort for approximately 5 % of the reflections that were excluded from the

392  refinement.

393
394
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395

396  Table 2. Substrate specificities of ipe4 mutanits

Activity, pmol/min/mg

{Relative activity, %a)

5mM XG 5 m XX 5 mM XXXG S5mM LG
25342 33245 519+2
Wild-type n.d.
( 100%) { 100%a) (100%)
2.85+£0.05 124 0.6
Glns8Ala n.d. n.d.
(0.86%) (2.38%)
7.74+£0.18 56.5+0.3
Tyr89Ala n.d. n.d.
(2.33%) (10.9%)
T74+£25 139+ 1 220+ 4
Tyr&89Trp n.d.
{30.6%) {41.7%a) {44.1%)
216+2 29243 41643
Tyr89Phe n.d.
(85.2%) (87.8%) {80.3%)
1.27+£0.30
Tyr268Ala n.d. n.d. n.d.
(0.38%)

397 n.d: not detected

398
399
400
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401

402  Table 3. Kinetic analysis of ipe4 subsite -1° mutants for a reduced XXXG substrate

Ko .km .I:.'g‘,"IKm
(mM) () (s mM™)

Wild-type 0.649 +0.051 678 + 18 1045
GlnS8Ala 1.82 +0.24 179+08 9.85
Tyr89Ala 2534013 694 + 1.4 27.4
Ty89Trp 0460 +0.061 301 £13 655
Tyr89Phe 0.611 +0.041 531+12 869

403
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405
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STAR Methods

Method Details

Materials

Xyloglucan oligosaccharides were prepared as previously described (Matsuzawa et al., 2016¢; Takeda et

al., 2002; Yaoi and Mitsuishi, 2002; Yaoi et al_, 2007).

Expression and purification of IpeA

IpeA was expressed in Pichia pastoris strain X-33 and purified using a Ni** affinity column (HisTrap FF;
GE Healtheare, Buckinghamshire, UK) as described previously (Matsuzawa et al., 2016¢). Purified IpeA
was treated with endoglycosidase H (endo H; New England Biolabs, Ipswich, MA, USA) as follows. An
8-mL reaction mixiure containing purified IpeA, 10 mM sodium acetate buffer (pH 6.0), and 10,000 units
of endo H was incubated at 30°C for 1 b To remove endo H and release sugar chains, endo H-treated

IpeA was purified using a Ni** affinity column as previously described

Protein erystallization

The purified endo H-treated lpeA was concentrated to 7.3 mg/mL using a Vivaspin 20 concentrator

{ 10000 MWCO, Sartonius AG, Goettingen, Germany ). Initial crystallization screening was performed
manually using an Index HT kit (Hampton Research, Aliso Viejo, CA, USA) by the sitting-drop vapor
diffusion method at 293 K. Each drop contained 0.3 pL protein and 0.3 pL reservoir solution, and was
equilibrated with 60 pL reservoir solution. After 2 weeks, small crystals were obtained under several
conditions, of which No. 54 (0.05 M calcium chloride, 0.1 M Bis-Tns pH 6.5, and 30% [v/v] PEG MME

550) was the most promising, as suggested by Index HT. The best quality erystals of the enzyme were
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439
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442

443
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448

obtained under the condition using (L05 M calcium chlonde, 0.15 M Bis-Tns pH 6.5, and 26% (v/v) PEG
MME 550. The crystals of isoprimeverose complex were obtained by soaking with 50 mM

iISOprimeverose.

X-ray crystallography

Crystals of the apo form and isoprimeverose complex of lpeA were cryoprotecied with 20% (viv)
elycerol, and subsequently flash-cooled in hquid nitrogen. All data sets for the both crystals were
collected on a BL44XU instrument {Hyogo, Japan) with a Rayonix MX300HE detector under a
cryostream at 90 K, and the data were processed and scaled with the HKL-2000 program suiie
{Otwinowski and Minor, 1997). Data sets for the apo form and isoprimeverose complex of IpeA were
collected at a wavelength of 0.9 A. General data handling was carried out with the CCP4 package
(Collaborative Computational Project, Number 4, 1994), and the structures were solved by molecular
replacement using Phaser (McCoy et al., 2007). Manual adjustment of the models was carned out with
COOT (Emsley and Cowtan, 2004), and refinement using REFMACS (Murshudov et al., 2011). Water
molecules were added to the models by manual inspection of the 2Fo-Fe and Fo-Fe maps. Ramachandran
plots for the apo form and isoprimeverose complex of IpeA models showed 97.2 and 97.0% of the
residues, respectively, to be in the most favored regions, with the remaming 2.6 and 2.9% of the residues
in additional allowed regions. Data collection and refinement statistics are shown in Table 1. Figures

were created using CCPAMG (McNicholas et al., 2011).

Mutation at subsite —1"
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IpeA mutants (Gin55Ala, Tyr89Ala, TyrB9Trp, Tyr89Phe, and Tyr268Ala) were constructed as described

below. Polymerase chain reaction (PCR) was performed using pGAPZa A-lpeA plasmid (Matsuzawa et

al., 2016¢) as a template, primers (primers 5 -AATCAATTGAGACATCTTCTCCTCGAGC-3" and

STATGTCTCAATTGATTGCTGGCGACATCACCAATTGGATGAATG-3" for GInS8Ala; primers

STGAACATTCCACCCCTCATTTTCGTAC-3" and

5T-AGGGGTGGAATGTTCGCTGTCGGATATCCGGTGOCTTGG-37,

STGAACATTCCACCCCTCATTTTCGTAC-3" and

5-AGGGGTGGAATGTTCTGGGTCGGATATCCGGTGCCTTGG-3", and

STGAACATTCCACCCCTCATTTTCGTAC-3" and

5TAGGGGTGGAATGTTCTTTGTCGGATATCCGGTGCCTTGG-3" for TyrB9Ala, Tyr89Trp, and

Tyr89Phe, respectively; and pnimers 5"-CGCACTCATGATACTCCACGC-3" and

5TAGTATCATGAGTGUOGGCTCACTCATACGACGGTATCOCCG-3 for Tyr268Ala), and

PrimeSTAR Max DNA polymerase (TaKaRa Bio, Inc., Shiga, Japan). PCR products were treated with

Dipnl to degrade the template. Amplified DNA fragments were ligated using In-Fusion HD (TaKaRa Bio,

Inc.). pGAPZa A-iped mutated plasmid (GlnS8Ala, Tyr89Ala, Tyr89Trp, Tyr89Phe, or Tyr268Ala) was

digestied with Awll and integrated into P. pasioris strain X-33. Mutated enzymes were expressed and

purified as described previously (Matsuzawa et al., 2016¢).

Enzymatic activity of Ipe A mutants

The substrate specificities of lpe A mutants were determined as described below. Reaction mixre (50

pl) containing 5 mM substrate (XG, XX, LG, or XXXG), 50 mM sodium phosphate buffer (pH 4.5), and

0.05 pg of purified enzyme was incubated at 60°C for 5 min. To stop the reaction, the reaction was
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485

incubated at 98°C for 10 min. The released isoprimeverose or D-glucose was measured using

high-performance liquid chromatography (HPLC) as described previously (Matsuzawa et al., 2016c¢).

Kinetic analysis of IpeA mutants

Kinetic parameters (Km, ke, and ke/Km) of IpeA mutanis mutated at subsite —1" were measured as

follows. The total reaction volume was 20 pl.. The reaction mixture containing reduced XXXG subsirate

(XXXGol: 01254 mM for wild-type, Tyr89Trp, and Tyr89Phe mutants; 0.3125-10 mM for GlnS8Ala

and Tyr8Y9Ala mutanis), purified enzyme (0.5 ng for wild-type, Tyr89Trp, and Tyr89Phe mutants; 5 ng for

Gln58Ala and Tyr89Ala mutants), and 50 mM sodium acetate buffer (pH 4.5) was incubated at 60°C for

5 min. To inactivate the enzymes, the reaction mixiure was incubated at 98°C for 10 min. The reducing

sugar produced was measured using the bicinchominate assay (Fox and Robyt, 1991). A standard curve

was constructed using isoprimeverose. The kinetic constants (Km and Vo) were calculated by non-linear

regression of the Michaelis—Menten equation using GraphPad Prism version 5.0 software (GraphPad

Software, Inc., La Jolla, CA, USA).
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Figure 1. Matsuzawa et al.

Fibronectin type lll-like domain
(698-767)

a-B-a sandwich domain
(411-660)
TIM-barrel domain

(48-371)



Figure 2. Matsuzawa et al.




Figure 3. Matsuzawa et al.
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Figure 4. Matsuzawa et al.
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Figure 5. Matsuzawa et al.




